It is a well established fact that all organic compounds produced by living cells can be broken down by microorganisms. During the dissimilation of carbohydrates by organisms such as Aerobacter and certain members of the genus BaciUus 2,3-butanediol (2,3-butylene glycol) is formed as the chief product of the fermentation. There are many organisms in the soil that can use 2,3-butanediol or acetylmethylcarbinol (AMC, acetoin) as the sole source of carbon and energy for growth (Lemoigne et al., 1952; Sebek and Randles, 1952; Juni, 1952a) . Studies in this laboratory have revealed a new pathway for the dissimilation of 2,3-butanediol by these organisms (Juni and Heym, 1953) . Although the breakdown of 2,3-butanediol is an aerobic process, nearly all the reactions involving its oxidation to acetic acid can take place anaerobically as well as aerobically. The new pathway is a cyclic process involving two new intermediates, diacetylmethylcarbinol (DAMC) and acetylbutanediol (ABD) . The cycle appears to be a method for generating acetic acid, a compound which these organisms oxidize readily. The present paper will be concerned with the general aspects of the reactions of this pathway.
MATERIALS AND METHODS

Cell Preparation
Bacteria capable of utilizing 2,3-butanediol or AMC as the sole source of carbon and energy were obtained by the enrichment technique. Mud from a local lake was inoculated into the following medium placed in shallow layers in Erlenmeyer flasks: 2,3-butanediol or AMC, 5 g; KH2PO4, 1.5 g; Na2HPO4, 13.5 g; MgSO4, 0.1 g; NH4Cl, 2.0 g; CaCl2, 0.01 g; FeSO4.7H20, 0.0005 g; thiamin hydrochloride, 0.01 g; water, 1,000 ml; pH 7.6. After several days of incubation at room 1 Aided by National Science Foundation Grant G4. temperature growth had taken place and the cultures were streaked on the same medium to which had been added 1.5 per cent agar. Two organisms were isolated in pure culture. One proved to be a Corynebacterium and the other appears to be identical with Micrococcus ureae. The latter organism was used in nearly all the studies described below although it has been shown that other bacteria capable of growing in the above medium carry out the same reactions. Cultures of Aerobacter aerogenes strain ATCC 8724 and Pseudomonn fluorescens strain A 3.12 were among the organisms that could grow in this medium. Cell suspensions were prepared by inoculating 400 ml of the medium, described above, contained in a 2.5-L Fernbach flask, with the scrapings from a nutrient agar slant of the organism suspended in 5 ml of nutrient broth. After shaking at room temperature for 18 to 24 hr the cells were centrifuged, washed with 0.8 per cent NaCl and then suspended in 10 ml of 0.8 per cent NaCl. Such cell suspensions retained their full activities when stored in the refrigerator for as long as a week.
Cell-free bacterial extracts were prepared by suspending wet packed cells in twice their volume of water and subjecting the suspension to sonic vibration for 30 min with a Raytheon 10-kc oscillator. The resulting suspension was then centrifuged at 25,000 X G for 30 min and the precipitate discarded.
Manometric Studies CO2 evolution from bicarbonate buffer was followed in the conventional Warburg apparatus at 30 C, with 100 per cent CO2 as the gas phase.
When diacetyl was the substrate it was added to the side arms of both the experimental vessel and an identical control vessel. Flushing both flasks simultaneously resulted in the same loss of diacetyl from both vessels due to volatilization and made possible the estimation of the initial diacetyl concentration. (1945) since it is oxidized to diacetyl under alkaline conditions. It also reacts as diacetyl in the method of White et al. (1946) , and it is, therefore, not possible to distinguish between these compounds using these two methods. DAMC can be determined in solutions containing both DAMC and diacetyl by the consecutive use of the methods of White et al. (1946) and that of Prill and Hammer (1938) since the latter method is specific for diacetyl. A new quantitative colorimetric test based upon the specific reduction of ammonium molybdate to molybdenum blue by solutions of DAMC has been devised in this laboratory and will appear, together with other information about the properties of DAMC, in another paper in this series.
Acetylbutanediol (ABD) . ABD yields acetaldehyde quantitatively in strong sulfuric acid and can, therefore, be determined as lactic acid according to the method of Barker and Summerson (1941) . Interestingly enough, ABD is still another compound that reacts as AMC in the VogesProskauer test.
Acetic acid. Acetic acid was determined either manometrically as described above or by titration with 0.1 N NaOH after steam distillation. The only volatile acid formed was shown to be acetic acid by chromatography on celite using the method of Bueding and Yale (1951) .
Diacetyl (Eastman) was purified by fractional distillation. AMC (Eastman), a racemic mixture, was converted to the dimer by storing at -18 C for 2 weeks and the crystalline product washed repeatedly with ether to remove traces of diacetyl. 2,3-Butanediol was obtained from the Celanese Corporation of America and appeared to be entirely the meso-isomer. The synthesis of DAMC has already been described (Juni and Heym, 1956 ).
RESULTS
Growth on 2 ,3-butanediol and relaed compounds. All the bacteria capable of growing in the 2,3-butanediol-mineral-thiamin medium described could also grow with AMC in place of 2,3-butanediol. The fact that diacetyl could not replace 2,3-butanediol is not surprising since it is well known that diacetyl is inhibitory for the growth of many species (Myrvik and Volk, 1954 Stanier and Fratkin (1944) reported that a strain of A. aerogenes with which they were working is capable of oxidizing 2,3-butanediol, AMC, and diacetyl. This particular strain (ATCC 8724) grows well on the AMC-mineral medium described above. Other strains of A. aerogenes cannot grow on this medium, however. Happold and Spencer (1952) were unable to observe AMC oxidation with their strain of A. aerogenes.
The pathway for the dissimiltion of 2,3-butanediol and related compounds. Figure 1 is an outline of the cyclic pathway for the dissimilation of 2,3-butanediol. All the steps have been studied rather intensively and more detailed information concerning the individual reactions and the new intermediates will be presented in future papers of this series.
Step A of figure 1, the reversible oxidation of 2 ,3-butanediol to AMC, is catalyzed by a diphosphopyridine nucleotide (DPN)-linked enzyme that has already been studied in some detail in several species (Aubert and Gavard, 1953; Strecker and Harary, 1954; DeMoss et al., 1951 carbon source. This step is now being investigated in our laboratory.
Steps C and D involve the synthesis of diacetylmethylcarbinol (DAMC) from diacetyl. As diagrammed in C, diacetyl is split with the addition of diphosphothiamin (DPT) and water to form acetic acid and a reactive acetaldehyde-DPT complex. The reactive complex then undergoes an acyloin-type condensation with diacetyl (reaction D) to form DAMC (equation 1). This reaction is completely analogous to the synthesis of a-acetolactate from pyruvate (equation 2) (Juni, 1952c; Dolin and Gunsalus, 1951) . NaHCO3, 70 AM; cell suspension, 100 mg wet weight; substrate, as above; gas phase, 100 per cent CO2; final volume, 1.6 ml; pH 6.5; incubation at 30 C, 10hr. Each vessel contained the following: potassium phosphate buffer, 100 pM; cell suspension, 100 mg wet weight; pH 6.4; Acetylmethylcarbinol, 40 pm; gas phase, air; final volume, 1.6 ml; incubation temperature, 30 C. The center well of each vessel contained 0.1 ml of 2.5 N NaOH.
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E, figure 1 ). Only catalytic amounts of hydrogen are required since hydrolysis of ABD yields 2,3-butanediol (step F) which can then provide two hydrogens by oxidation to AMC. The overall balanced equations for the anaerobic reactions are given below: weight; 2,3-butanediol, 33 jAm; sodium acetate, 20 pM; gas phase, air; center well contained 0.1 ml of 2.5 N NaOH; final volume, 1.6 ml; pH 6.4; incubation at 30 C, 1 hr. (Juni and Heym, 1954; Juni and Heym, 1956 ) that the synthesis of DAMC from diacetyl can be catalyzed by pyruvic oxidase preparations. In these cases diacetyl acts as an analogue of pyruvate. A reactive acetaldehyde, DPT complex is formed with pyruvate as well as with diacetyl (equations 9 and 10). With pyruvic oxidase preparations the fate of the reactive acetaldehyde depends upon the experimental conditions. Under aerobic conditions, or anaerobically in the presence of a suitable electron acceptor such as ferricyanide, reactive acetaldehyde is oxidized to acetate (Schweet et al., 1951; Dolin, 1955; Gunsalus, 1954) . Under anaerobic conditions, in the absence of an electron acceptor, reactive acetaldehyde condenses with either pyruvate or diacetyl to form a-acetolactate or DAMC respectively (Juni and Heym, 1954; Juni and Heym, 1956) .
In general, pyruvic oxidase preparations can catalyze several different kinds of acyloin condensations. The DAMC-forming enzyme system that is part of the 2 ,3-butanediol cycle is specific for diacetyl, however, and is not identical with pyruvic oxidase. There is no evidence for diacetyl oxidation via the diacetyl mutase reaction described by Green et al. (1947) in pigeon breast muscle preparations.
SUVMARY
Bacteria able to grow with 2,3-butanediol or acetylmethylcarbinol as the sole source of carbon develop a cyclic mechanism for the conversion of these compounds to acetate. Diacetyl is an intermediate in the process and is converted to diacetylmethylcarbinol and acetate by a diphosphothiamin-catalyzed acyloin condensation reaction. Diacetylmethylcarbinol is reduced to acetylbutanediol which, in turn, is hydrolyzed to 2,3-butanediol and acetate. All the reactions in the cycle can take place anaerobically. Evidence has been presented to show that this cyclic process operates during normal aerobic growth on the four carbon compounds.
Methods for the determination of diacetylmethylcarbinol and acetylbutanediol are described.
